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Abstract 

In the heavy quark limit a heavy baryon which contains two heavy quarks 
is believed to be composed of a heavy diquark and a light quark. Based on 
this picture, we evaluate the weak semileptonic decay rates of such baryons. 
The transition form factors between two heavy baryons are associated with 
those between two heavy mesons by applying the superflavor symmetry. The 
effective vertices of the W-boson and two heavy diquarks are obtained in terms 
of the Bethe-Salpeter equation. Numerical predictions on these semileptonic 
decay widths are presented and they will be tested in the future experiments. 



PACS numbers: 12.39.Hg, ll.10.St, 13.30.-a, 12.39.-x 



1 Introduction 



The heavy flavor physics has been an interesting subject for many years. The 
meson case has been studied much more intensively both in experiments and in 
theory than the baryon case. The existence of three valence quarks in a baryon 
makes the theoretical study much more complicated. Recently more and more data 
for heavy baryons which contain one heavy quark have been accumulated |l| and in 
the near future we may expect even more data from LEP and other experimental 
groups. Although we do not have any data for the heavy baryons containing two 
heavy quarks (later we will call such baryons Bqqi where Q and Q' could be fa- 
quark or c-quark) at present, it would be interesting to make predictions on their 
properties which will be tested in the future experiments. In our previous paper |f2[ 
we have studied the production of a pair of Bqqi in electron-position collisions. It 
is the aim of the present work to study the weak semileptonic decays of Bqqi. 

The basic problem is how to deal with the transition form factors between Bqqi 
and Bqqh (or Bquqi) where one flavor transits (explicitly b — > c) with another heavy 
quark and the light flavor remaining unchanged. Since it is determined by the non- 
perturbative QCD effects, the solution is by no means trivial. The heavy quark 
effective theory (HQET) provides a way to appropriately simplify the evaluation 
of the hadronic matrix elements || because by applying the HQET we are able 
to find relations among the form factors, and consequently reduce the independent 
number of these form factors. It is well known that in the heavy quark limit the 
extra symmetries SU(2)f x SU(2) S manifest and the non-perturbative effects are 
attributed to the well-defined Isgur-Wise function £ (v ■ v') , where v and v' are the 
four-velocities of the concerned heavy quarks. 

It is pointed out in our previous paper || that in a heavy baryon which con- 
tains two heavy quarks, these two heavy quarks constitute a relatively stable heavy 
diquark (which will be called Xqq' later). This allegation has also been suggested 
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by other authors The leftover light quark moves in the color field induced by 
the heavy diquark. The size of the heavy diquark is much smaller compared with 
the QCD scale Aqcd- In this scenario, the three-body problem is simplified into 
a two-body problem. The ground state heavy diquark can be a spin-1 or spin-0 
object. Due to the Pauli principle, when Q=Q', the cc- or bb-diquark can only be in 
the spin-1 state while for bc-diquark its spin may be either or 1. Therefore, from 
QQ-diquark we can construct a heavy baryon either with spin-| (B*qq^) or with 
spin-| (B^qq^). On the other hand, from bc-diquark we may have spin-| baryon 
which is constructed from X(bc) (-8(6c) ) or from X(bc)i (-S(foc)i), and also spin-| baryon 
from X{bc)i (B?bc)i)- ^ n ^ ne P resen ^ paper we will study the weak transition hadronic 
matrix elements between these heavy baryons and then give the predictions for the 
semileptonic decay widths of Bqqi. 

Due to the analogue of a heavy meson and a heavy baryon with a heavy diquark, 
the superflavor symmetry is applicable to associate the transition matrix elements 
between two heavy baryons Bqqi with those between two heavy mesons. The su- 
perflavor symmetry was first established by Georgi and Wise f5[ for interchanging a 
heavy quark and a heavy scalar object, later Carone || generalized it to the sym- 
metry of interchanging a heavy quark and a heavy axial vector object. Since the 
heavy diquark is not really point-like with respect to weak transitions, we need to 
derive the explicit expressions of the effective vertices xx'W ± by taking into ac- 
count the inner structure of heavy diquarks. Obviously these vertices are associated 
with the bound state properties of heavy diquarks x and x' ■ Therefore, some non- 
perturbative model has to be adopted. As in our previous work |2j we will apply 
the Bethe-Salpeter (B-S) equation model to obtain such vertices. 

The paper is organized as the following: In sect. 2 we give a detailed derivation 
of the transition form factors between two heavy diquarks with a virtual W— boson 
being emitted. Consequently we obtain the effective currents for heavy diquark weak 
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transitions. Then in section 3. we apply superflavor symmetry to give the formu- 
lation for the weak matrix elements between heavy baryons and the semileptonic 
decay widths. The numerical results will be presented in section 4. Finally the last 
section is devoted to summary and discussions. 

2 Derivation of the heavy diquark transition form 
factors 

Since in the heavy quark limit the two heavy quarks in a baryon constitute a heavy 
diquark, in the decay process this diquark may be treated as a color-triple quasi- 
particle. It is noted that for applying the HQET to associate a baryon case to a 
meson case, the diquark should be of a point-like structure, the reason is that all non- 
perturbative effects are attributed into a well-defined Isgur-Wise function, therefore 
the necessary condition is that the diquark is seen by the light quark as a point- 
like color source. However, it by no means demands that in the weak transition the 
weak current see a point-like structureless object, by contraries, there is complicated 
structure due to the bound state effects of the diquark. The structure effects of the 
heavy diquark should be described by the bound state equation. Hence we have 
to adopt a plausible method to deal with the diquark structure effects which are 
governed by the non-perturbative QCD. In this section we solve the B-S equation 
@ to obtain the bound state wave function of the heavy diquark and then give the 
transition form factors between such heavy diquarks in the weak decay processes. 

Since the bound state B-S wave functions and the transition form factors between 
two heavy diquarks are obtained in the same framework, in our formulation one does 
not need to invoke some phenomenological inputs except the commonly accepted 
parameters such as a s and k in the Cornell potential model. 
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The B-S equation for a heavy diquark can be written in the following form 

XP( P ) = S 1 (X 1 P+p) J G(P,p,q) X p(q)-0^S 2 (X 2 P-p) } (1) 

where Sj(j = 1,2) are the propagators of heavy quark 1 and quark 2 in the diquark 
respectively and G(P,p,q) is the B-S equation kernel defined as the the sum of all 
the irreducible diagrams concerning the interaction between the two quarks of the 
diquark, Ai = — ^ — , A 2 = — — , and mi, m 2 are the quark masses. P is the total 

^ ' 1 mi+fll2 7711+7712' 

momentum of the diquark and can be expressed as P = Mv where M is the mass 
of the diquark and v is its four-velocity. 
Using the relation 

SM=*[ ^ ■ + ^ . V = 1.2) (2) 

where pi = p ■ v, p t = p - piv, Wj = ^\p t \ 2 + m? and Af(p t ) = ^ J± ^ t+mj) , Eq.(|) 
can be expressed explicitly as 



xV(p) = : T7 AUPt ^ ■ ■ / G(P,p,q)[ X ++ (q)+X-(<l)]- d ' < ' 



AiM +pi-W x + ie J v "-'^ viy ^ /j (2tt) z 
M2(-Pt) 



p* + W 2 -A 2 M-ie' 



(3) 



Xp» =t^^-/ G(P,p, g )[ x ++ (g) + x--(g)]- di(/ 



M^(-Pt) 



(4) 



Pi - W 2 - A 2 M + ze 

where Xp ± (p) = At(p t ) X p(p)A 2 t (-pt). 

In the heavy quark limit it can be shown that Af(p t ) m A 2 (— p t ) m 
and Xp~ is small and negligible. In the following we will only consider the large 
component Xp + ■ 

So for a scalar or an axial vector diquark, the B-S wave function can be written 
in the forms 

xUp) = ^^(p), xp(p) = ^V2M 15 Mp)- 



The superscript S and A denote the scalar and axial vector diquark respectively and 
rj is the polarization vector of the vector diquark. 
Now we assume the kernel G to have the form|| 

- %G = 1 ® W 1 + j> ® j)V 2 , (5) 

and 

lizflxK /n s 3x3 , N f 87T/91K d 3 k 



Vi(p, q) = 77 ; , 19 - (2vr)^ - ft) 



i(pt-qt) 2 + fi 2 ] 2 " ' ^ " ^ (F + ^) 2 (27r) 3 ' 
and 

l4(P ' ,) = -3(| P «-tf + ^)' 
where Vi and V2 are the parts of the kernel associated with the scalar confinement 

and one-gluon-exchange diagram respectively [§]. The parameters (3\ and /3 2 are 

different for various color states. For mesons, fti — 1, fa — 1, while for color-triplet 

diquarks, is directly associated to the color factor caused by the single-gluon 

exchange, so should be 0.5. In contrast, (3\ which is related to the linear confinement 

cannot be determined so far and we just take it as a free parameter within a range 

of ~ 1 in numerical evaluations. As a matter of fact, later we pick up two typical 

values 0.5 and 1 for f3\ for demonstrating the influence of the color factor. In fact, 

the final results are not sensitive to its value, so that our predictions made with 

the value within a certain range can give rise to a reasonable order of magnitude, 

even not a precise number. The parameters k and a s are well determined by fitting 

experimental data of heavy meson spectra. From the heavy meson experimental 

data, k = 0.18, a s = 0.4JJ. After substituting the form of the kernel Eq. ([]) into 

Eq. (|I|) we have the following form of the B-S equation 

- 1 fnr T r \ 7 / v d 3 q t 



^ = M- Wl -wJ ^- V ^W- (6) 

where 4>(pt) = f 4>(p) 2 ■ The above equation can be solved out numerically and 
by applying the relation between 4>{pi,pt) and <p{pt) we finally obtain the numerical 



solution of the B-S equation. This solution will be applied to calculate the weak 
transition matrix elements of heavy diquarks. 

The weak transition form factors of heavy diquarks are closely associated with 
their inner structure. Namely, to evaluate a transition b — > c which are constituent 
quarks of the initial and final diquarks, some Q 2 — dependent form factors would 
naturally emerge. 

The form factors are process-dependent. For the semileptonic decay XbQ'( v ) ~^ 
XcQ' (v') + I + v with the light quark being a spectator, the fundamental vertex J M 
corresponds to a radiation of a virtual W— boson, so that 

r = ^v; b cY(i-i 5 )b, (7) 

where g w is the weak coupling constant. 

The effective currents L M in the expressions of the heavy diquark transition 
matrix elements are calculated by means of the B-S equation for heavy diquarks. 

For scalar or axial-vector diquark transitions, one has the following four types: 



<M' s {v')\J,\M s {v) > = 2VMM J [f 1 (vv')v^ + f 2 (vv')v,}, (8) 
< M ,A (v',r]')\J^\M A (v,r])> = 2VMM'[f 3 (v ■ v')rf ■ rjv'^ + f 4 (v ■ v')rj' ■ rjv^ 

+/s(^ ■ v')r) ■ v'rf ■ vv'^ + f 6 (v ■ v')r) ■ v'rf ■ vv^ 
+f 7 (y ■ v')rj ■ v'rf^ + f 8 (v ■ v')rj' ■ vrj^ 
+fg(v ■ v')ie^ pa rj' u rj p v" 7 

+/io(w')*W7'Vu1, (9) 
<M lA ( V ',v')\J,\M s (v) > = 2VMM J [f 11 ^ + f 12 r ] '-vv'^ + f 13 r ] '-vv,+ 

h^ vpc rf v v' p v% (10) 
< M'V) > = 2v / MM 7 [/ 15 ^ + f wV ■ v'v'p + htn ■ v'v, + 

hsie^Vv' ]. (11) 

On the other hand, the effective matrix elements of heavy diquark transitions 



can be expressed by the B-S wave functions in the following 



< M'{v')\J,\M{v) >= J Tr[x%'(p')TXp I (p)S- 1 (P2)(2nr6\p 2 -p' 2 ) 



, d 4 p d 4 p' 



(2tt) 4 (2vr) 4J 
(12) 



where S(p 2 ) is the propagator of m 2 quark and T is the vertex of J M . p\ and pj(i=l,2) 
are 



p[ = X[M'v' + p', 
Pi = XiMv +p, 



(13) 



p 2 = \ 2 M>v'-p', 
p 2 = —X 2 Mv - p, 

where M, M' are the masses of initial and final diquarks. 

So the form factors /j(i=l,...,18) in Eqs.@ to (|TT| ) can be expressed as an integral 
of the two diquarks' wave functions along with specific coefficients. The numerical 
values for the coefficients fi (1,...,18) in Eqs.@ through (HP are derived by the 
combination of Eq. (|I2"D and Eqs.(^|) to ([TT]) . The effective currents L M inducing 
weak transitions between heavy diquarks can be expressed as 



IN 



EM 



A 



(14) 



i=i 



where the explicit expressions for J® are given in Eq. (EDI) in Appendix A. For 



instance, the terms in L M which contribute to 



B (bc)l are E^/^f- ^ 



next section we will apply the effective currents to calculate the hadronic transition 
matrix elements with the aid of superflavor symmetry. 

From the heavy meson experimental data, k — 0.18 GeV 2 , a s = 0.4, m& = 4.8 
GeV, m c = 1.45 GeV. 

From the B-S equation, the numerical results of M ( the heavy diquark mass) 
corresponding to the various quarks m^i = 1, 2) and (5\ are listed in Table 1. 
Table 1 Values of heavy diquark masses 





0.5 


1 


0.5 


1 


0.5 


1 


mi (GeV) 


4.8 


4.8 


4.8 


4.8 


1.45 


1.45 


m 2 (GeV) 


4.8 


4.8 


1.45 


1.45 


1.45 


1.45 


M(GeV) 


9.68 


9.74 


6.46 


6.58 


3.27 


3.33 
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3 Formulation for the transition matrix elements 
and decay widths 



(i) The transition amplitudes 

For semileptonic decays, the process can be described as a transition of a heavy 
baryon into another heavy baryon radiating a virtual W-boson which turns into a 
lepton pair IV In the process, the factorization is perfect, so that the total 

transition amplitude can be written as 

T^<B'\J a \B>l a (-^), (15) 

where the contribution from the leptonic current is 

l a = ^^"'(P')7 a (l -l5)v( v )(pu), for b^clVi. 

At the concerned decay energy scale, the W-boson propagator q2 J M -2 (—9 ^u+QpiQu I 'M^) 
can be approximated as —ig^/M^. In our calculations, we neglect the lepton 
masses, because r— lepton production is hard to measure, we only discuss the cases 
of e~u e and ^"v^ radiation. 

Thus we need to derive the forms of the hadronic matrix elements < B'\ J^B >. 
The effective currents are derived in Section 2, so we obtain the hadronic transi- 
tion matrix elements < B'\J^\B > by calculating < B'\L^\B > in the di quark-quark 
picture. The scalar or axial-vector diquark is treated as a point-like object of color- 
3 and spin-0 or -1 with definite form factors which are reflected in the coefficients 
/j's of the effective currents L M , and combines with the light quark to constitute 
a baryon of spin-1/2 or -3/2. Thus we can use the superflavor symmetry to eval- 
uate the transition matrix elements at the hadron level. In this scenario, there is 
only one uncertain function which is determined by non-perturbative QCD, i.e. the 
Isgur— Wise function • v'), unlike the case for transitions between light baryons 
where there are many form factors. Therefore, here we may expect to reduce the 
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uncertainty and improve the prediction power, and it exactly is the advantage of 
employing the superflavor symmetry. 

In the scenario of superflavor symmetry ||, the wave function for a baryon 
consisting of a scalar diquark would be 

* x = ( u-c/vm^ ) > < 16 ) 

where Mx is the mass of the scalar diquark and C is the charge-conjugation operator 
satisfying C~ lr y^C = — 7 M - For the spin-1 diquark case ||, 

^ /2{v) = vm ( utcXw ) ' (17) 



and 



3/2 V2M A \r T c / 

where Ma is the mass of the spin-1 diquark and the subscripts 1/2 and 3/2 denote 
the spins of baryons. 

Thus the hadronic transition matrix element can be obtained as 

Tp =< B'j^L^BM >= -^(v ■v')Tr[t JI (v')^2f i T^ J (v)), (19) 

i 

where Tj's are the corresponding vertices in the effective current L^. In Ref. [^], the 
authors presented some transition matrix elements with certain effective currents, 
instead, here our effective currents correspond to the weak interaction.^ The explicit 
expressions for various hadronic transition matrix elements T ifl (i = 1, ...12) are listed 
in Eqs.(E8|) to (B3) in Appendix A. 



(ii) The amplitude square 

To calculate the cross section, we need to take square of the amplitudes which 
are given in (i) and Appendix A. In the derivations we use the following relations 

Y,u(v,s)u(v,s) = ^, (20) 

s ^ 

1 For evaluating a radiative decay, one can have similar effective currents with only small changes 
from that given for weak interactions. 
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J2^\(v,s)^s(v,s) = -^—[-g\8 + g7A7<5 + g(7A^5 -7<5^a) + ^v x v s }, (21) 

for heavy baryons of spin 1/2 and 3/2 respectively and we neglect the lepton masses 
for simplicity. 

IZ M (0(P3,S)M(0(P3,S) = (^3+™*)~^3, (22) 

s 

$^ U M(P4,S)U(„)(P4,S) = ^4. (23) 
s 

It is noted that here we adopt the above conventions for the heavy baryons and 
leptons, because at the limit mi ~ this choice provides us with much convenience 
(also see below for the integration over the final state phase space). 

Then the amplitude square \T(Bj(v) — * B'j,(v') + W)\ 2 can be obtained. The 
results are given in Appendix B. 

(iii) The integration over the final state phase space 

To obtain the partial decay width, one needs to integrate out the phase space 
of the three-body final state. In the limit of mi ~ 0, the integration becomes much 
simplified. 

It is easy to notice that the amplitude square can be written in a general form 
J2 l T iA^ A | 2 ^r = ' Pa)(p3 • Pa) + F 2 (pi ■ p 3 ){p 2 ■ Pa) + F 3 (p 3 ■ p 1 )(p 4 ■ p x ) 

spins W 

+ F 4 (p 3 ■ p 2 )(pi ■ p 2 ) + F 5 (p 2 ■ p 3 )(pi ■ Pi) + F 6 (p 3 ■ p 4 ), (24) 

where p 3 and p± are the momenta of emitted lepton and neutrino, pi = mv is the 
decaying baryon momentum, so can be m(l,0) and p 2 = m'v' is the momentum 
of the decay product which should be integrated over, m and m! are the masses of 
initial and final baryons respectively, and T iX (i=l,...,18) are given in Apendix A. 

Accordingly, the integration of the final state phase space should be properly 
written according to the above conventions. We write the expressions down explic- 
itly, 
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d 3 p 2 m 2 f d 3 p 3 1 r d 3 p^ 1 ^ A 2 1 



7 (27r)3 2E 4 „^ J iA 



(2^ + 1) 7 (27r)3E 2 y (27r)3 2£ 3 V (2tt)3 2£ 4 ^ 1 1 
•(27r) 4 5 4 ( Pl -p 2 -p3-P4) (25) 

where all p' { s are defined above. 

Thus after a simple manipulation, the final form of the decay width can be 
written (in the following expression the spin factor 2s + 1 = 2 for the spin- 1/2 
baryon decay while for spin-3/2 baryon decay 2s + 1 = 4) as 



16(2s + 1) 
P 2 + - 
96m 



r(m—m) ]h ■ 



I — nCim2 [{m —m + s 2 )(m —m - s 2 ) + s 2 (m + m — s 2 ) 



F 3 {m 2 + s 2 -m 2 F 4 2 /2 2 /2 

48 2m 2 48m 2 

+ ^ S2 }-A 1 / 2 ( m 2 , m ' 2 , S2 ) (26) 



where 



X(a, b, c) = a 2 + b 2 + c 2 - 2a6 - 26c - 2ca, 

and F 1 through F 6 are given in the expressions of X \T ia l a \ 2 / by rearranging 
the corresponding terms so that they are expressed in terms of the form factors 
fi(i = 1, 18) which have been calculated in the B-S approach. The concrete forms 
are obtained by running the REDUCE computer programs and it is a very lengthy 
and tedious procedure. The relations between Fi(i = 1, ...,6) and = 1, 18) 
are very complicated and we will not list them here. 



4 Numerical results 



In the relations between Fi(i = 1, 
function, the Isgur-Wise function. 



..,6) and fi(i = 1, 18) there is an uncertain 
Its behavior is controlled by non-perturbative 
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QCD effects which have to be dealt with in some phenomenological model. Because 
in the heavy quark limit, the spin of the heavy quark has no effects on the dynamics 
inside the hadron one expects that the Isgur-Wise function is totally determined 
by the light degrees of freedom. Therefore, the Isgur-Wise function between the 
transition of the heavy baryons consisting of two heavy quarks should be the same 
as that of the corresponding heavy mesons. Actually this is the plausibility of 
applying the superflavor symmetry. Hence we can simply use the form of the Isgur- 
Wise function for B — > D in our numerical calculations for the decay width of heavy 
baryons which contain two heavy quarks. There are some model calculations for the 
Isgur-Wise function for B —>■ D |TI| JTIJ ]nj . In our following numerical calculations 
we will use the following simple form given in [|Kj 



*M = i -,2/,2 . ( 2? ) 



1 

i-Z7 2 /cj 2 ' 

where the constant is taken to be uj = 1.24. It is noted that different forms of 
the Isgur-Wise function will give somehow different predictions. However our nu- 
merical computations show that with various Isgur-Wise function forms the order is 
not changed. The numerical results for the semileptonic decay widths for different 
processes are listed in Table 2. From the numerical results in Table 2 we can see 
that the decay widths are around the order 10 -13 ~ 10 _14 s _1 . It can also be seen 
that the results are insensitive to the parameter (3\. 
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Table 2 Semileptonic decay widths of Bqq>(s x ) 





1 


0.5 


-8(66) i — ► -8(6c)i 


2.85 x 10~ 13 


2.78 x 10~ 13 


5(66)i -> 8(6c)o 


4.28 x 10" 14 


4.81 x HT 14 


5(66)i -»■ 5*60)! 


2.72 x 10~ 13 


2.69 x 10~ 13 


75* 75* 

^(66)i ^(6c)i 


1.29 x l(T i3 


1.41 x 10~ i3 


S (*66) i 5(6c)i 


5.20 x 10~ 13 


5.15 x 10~ 13 


5(66)! 5(6c) 


8.57 x 10~ 14 


9.61 x 10~ 14 


^Mi fi (cc)i 


1.72 x 10^ 13 


1.68 x 10- 13 


5(6c)! 5 (cc)l 


2.75 x 1(T 13 


2.81 x 10~ 13 


5 ( 6c)! -> 5* cc)l 


1.41 x l(T i3 


1.43 x 10~ i3 


5(6c)! -> 5 (cc)l 


8.93 x 10~ 14 


9.32 x HT 14 


5(6c) 5* bc)l 


2.88 x 1(T 13 


2.91 x 10~ 13 


5(6c) -> 5( cc)l 


7.76 x 1Q- 14 


7.82 x 10~ 14 



5 Summary and discussions 

In the present work we discuss the weak transitions between heavy baryons which 
consist of two heavy quarks in the heavy quark limit. The three-body system is 
simplified into a two-body system of a heavy diquark and a light quark. In the 
heavy quark limit, the heavy diquark is a point-like spin-0 or spin-1 object and the 
light quark is blind to the spin and flavor of the heavy diquark. With the help of the 
superflavor symmetry the matrix elements between heavy baryons and those between 
heavy mesons are related to each other and they can be described by the same Isgur- 
Wise function. To deal with the weak transitions between heavy diquarks we work in 
the B-S equation approach. We obtain the numerical solutions of the B-S equation 
by assuming the kernel which contains linear scalar confinement and one-gluon- 
exchange vector terms. The numerical solutions are used to obtain the effective 
currents between two heavy diquarks. These effective currents are expressed in terms 
of the coefficients fi(i = 1, 18) which can be solved out numerically from the B- 
S equation for heavy diquarks. Then the weak transition matrix elements between 
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heavy baryons are expressed in terms of the Isgur-Wise function and fi(i = 1, 18). 
Consequently we give the predictions for the semileptonic decay widths for all the 
possible twelve decay channels between two heavy baryons. The decay widths are 
around the order 10~ 13 ~ 10~ 14 s -1 . These predictions will be tested in the future 
experiments. 

There are some uncertainties in our work. First, as we have been working in 
the heavy quark limit, all 1/rriQ corrections are ignored. In the heavy quark limit 
physics is greatly simplified and we have only one unknown function, the Isgur-Wise 
function. Therefore, if one wishes to make a precise comparison of the theoretically 
calculated numbers with data, the l/mg especially l/m c corrections must be taken 
into account. Besides this approximation when we calculate the effective currents 
between two heavy diquarks we work in the B-S equation approach in which the 
most uncertain point is the kernel which depends on non-perturbative QCD effects. 
Motivated by potential model we use the simple form which has linear scalar con- 
finement and one-gluon-exchange terms. In the confinement part the parameter f3± 
is not fixed and we pick up two typical values as 0.5 and 1. Fortunately, the decay 
widths are insensitive to this parameter. The Isgur-Wise function is another uncer- 
tain point since it is also controlled by non-perturbative QCD dynamics between 
heavy diquark and light quark and thus its evaluation is model dependent. To get 
the numerical results we use the simple form obtained in Ref. flOfl . Different forms 
for the Isgur-Wise function may result in different decay widths. However, the order 
is not changed. 
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Appendix A. The hadronic transition matrix elements 

(1) B ibb)l -> B {bc)l 

Tix = < B£ bc) (±)\Lx\Bf bb) (±) > 

= 2^M 2 < Bf bc) {\)\hJ^ + / 4 J| 4) + / 5 jf + / 6 jf + 

/ 7( 7 ) , / 7(8) , f t(9) 1 f 7( 10 ) I R A / 1 x 

= \t(v ■ v')[{-hv'x ~ Uvx)(2 + v-v') + (M + hvx)(l - (v ■ v'f) 
-(fiv'x + fsvx)(l + v ■ v')\u'u + (f 7 + f 8 )(l+v rf)u' lx u 
+t(f 9 v^ - Aov'^exspvu'^u 

-i{hv' a + fiov^xspau'^Yu}. (28) 

(2) B ibb)l -> B {bc)o 

Tix = < Bf bc) (-)\Lx\B^ b) (-) > 

= < 3 ( i4)|/ 15 ji 15) + / 16 jf 6) + f 17 J ( x 17) + hsJ ( x 18) \BU\) > 

= -j=£(v ■ v'){[(l + v ■ v')(f 16 v' x + f 17 v x ) + fi 5 vx\u'l 5 u 

+ fl5u'lxl5U - ifl8€X8p<jU'w S u}. (29) 

(3) B {bb)l -> £ ( * bc)i 

T 3 A = <S(1c)(|)|iA|S ( t)(i)> 

= 2 V / MiM2 < Bf bc) {\)\hJ^ + / 4 J| 4) + / 5 jf } + / 6 jf + 

f 7(7) , f 7(8) , f 7(9) I f 7(10)|Ri4 

h-Jx + h J x + /9 J A +/lO^A l^f*)^ > 
= 7y^( v ' v '){\fa v '\ v 6 + + (fsv'xVs + fevxvs)(l + v -v') 

+ (f3V X + faVx)^' S lSl5U + /8^^ ,<5 7A75M 

+ihv p v'°ex& P ^' & l,u + i(,/V CT + /i u ff )e^*V75«}- (30) 
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( 4 ) #(V S (6c)i 

3 3 
T 4A = < B (6c) (-)|La|5 (66) (-) > 

= 2 V / MiM2 < ^(^l/sjf + / 4 4 4) + + + 

frtf + fsJ? + f*J? + hoJ^\BUl)> 

+(M + /8^)*'**a + W + f W v°)e x5p ^' 5 W}. (31) 

(5) B* {bb)i -> 5 {bc)l 

]_ 3 

T 5A = < -B (bc) (-)|L A |B (66) (-) > 

= 2^]^ < ^ c) (i)|/ 3 ji 3) + / 4 J1 4) + / 5 jf + / 6 jf + 
fitf + fsJ? + f*J?+fu>J$ a >\B$> ) (\)> 

= ^=fr ■ v'){[(hvWa + UvW a ) + (fM + f*V X lQ(l +V-V') + f 7 v' x v' a ]u' l5 ^ a 

+/ 8 (1 + u • v')^* a - (M + Uvx)u' lal ^l a - / 7 <^7A75^ a 

- W + /iou <T )e^«V75*"}- (32) 

( 6 ) S (M>)i -»• 5 (bc)o 

T 6 a = < 5^(1)1^1^,(1) > 

= 2V^ < Bf^-MsJ^ + /l6 jf ) + /l7 j(« ) + / u jJW|i^(|) > 

+i/i 8 e;^V ff )uV}- (33) 

( 7 ) S (bc)! S (cc)i 

Trx = < Bt cc) {\)\L x \Bf bc) {\) > 

= 2^M 2 < Bf bc /-)\f 3 J^ + / 4 jf + / 5 jf + / 6 jf + 

/ 7 4nrf + / 9 4n/ioJl 10) i^ 6) (i)> 
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+(M + f 8 vsW^x + i{hv<° + f w v°)e x5pa V 5 W}. (34) 

( 8 ) B (bch -> B (cc) 1 

Tsx = < B^{\)\L x \Bf hc) {\) > 

= 2^M 2 < Bfa(±)\f 3 jW + / 4 J1 4) + / 5 if + / 6 jf + 

/ 7 jin/ 8 j|n/ 9 4 9) + /io4 10) |5f 66) (i)> 

= ■ v'){[(fsvWa + M) + (fA< + WJ(1 +V-V') + f 7 v' x v' a ]u'^ a 

+/ 8 (1 + v • v')u' l5 * x - (M + /^A)M'7 a 75^ a - / 7 <«'7A75^ a 
Wio^'Ve^^s^ - itfgv" + /ioU <T )eA* P «T«V75*''}- (35) 

(9) B {bc)l -> £ ( * cc)i 

= 2 V / M^ < ^ c) (^|/ 3 jf + / 4 J< 4) + / 5 jf + / 6 jf + 

A^+/8^+/.^+/ u jr ) i^)> 

= ~^^( V ' ^'HL/^W + UV X V S + (f 5 v' X Vs + f 6 V X V S )(l +V-v') 
+ f8V X V 5 W S l5U 

~(hv' x + fav x )& s ^su - f 8 V5^' S l5l\U 

+if 9 v'v' a e XSpa ^ s l5 u - t(f 9 v' a + fiov a )^s P ^' 5 l 5 Yu}. (36) 

(10) £(6c)i — >• -B(cc)i 

TlOA = < ^1,(1)1^1^(1) > 

= 2 V / MW^ < 5 ( l)(l)|/ 3 4 3) + / 4 4 4) + + hJ? + 

fiJ?+fsJ? + f*J?+f«>Jr\Bk ) (l)> 
= \t(v ■ v')[(-fsv' x - hv x ){2 + vv') + (f 5 v' x + f 6 v x )(l - (v ■ v'f) 
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-(M + fsvx)(l + v ■ v')}u'u + (f 7 + f 8 ){l + v v')u' lx u 



-WW* + fioV a )ex6p<ru'y 5 Yu}. 



(37) 



(11) B {bc)o B* {bc)i 



< BUh\L x \Bf b A) > 



2^M, < Bf cc) q)\fnJ { x U) + fuJ ( x 12) + /is4 13) + fuJ { x U) \BU^ > 

£(v ■ v'){hi%u + (fi2v s v' x + hmv x W 5 u 

+ih,t XSpu v'^)^ 5 u}. (3t 



(12) B (bc)u — >■ B (cc)l 

T±2 X : 



< B( cc) (\)\L x \B( bc) (\) > 



2^M 2 < 5f cc) (b|/n4 n) + /i 2 4 12) + /isJP + fuJ ( x U) \BUh > 



^(v ■ v>){{f n v' x + {f l2 v' x + / 13 i; A )(l + v ■ v')}u' l5 u 



-fnu'lxl5U - ifut x&p(7 v' p v a u'y 7 5 w}. 
In the Eqs.(|^) to ( |3~9"D we define 



(39) 



r 
J \ 

r(3 

7(5 

(7 



J 



4 9; = ^ CT xf Kte^KA J 

4 U) =X/aV)x^), 
J* = (xf(v')v p )v x Xi(v), 



A 

r(15) 
'A 



4 17) =x}K)^>), 



(2) 
\ 

(1) 



7(6) 
J A 



J 



(8) 
\ ~ 
(10) 

(12) 
\ 

(14) 

(16) 
\ 

(18) 



xfKHx^), 
(xfKKHKxrW), 
(x?VK)x?(«), 
= *e A(5p(T x/ 5t K)x^K p ^, 
= (x/VKKx^), 

i 

= ^a5 p <tX/ (^'V^XiC^), 

= X/KK^Xi^) 

= ieA^X/KK^xf^), 



(40) 



where Xi( v )i Xfi v ')i Xi( v ) an d Xf( v ') stand for the initial scalar, final scalar, initial 
vector and final vector diquark fields in the baryons respectively. 

It is noted that for the electromagnetic currents, the flavors do not change at the 
two sides of the vertex, so that there are some extra symmetries as used by Georgi, 
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Wise and Carone and the fact is expressed in the relations between the coefficients. 
For example, in the case of the 7 — M — M* vertex, due to the current conservation 
(CVC), f\ = —ji is required, and from our formulae, one can immediately prove 
that. 



Appendix B: The amplitude square 

(1) B( hV)l — > Bqjc)! + I + v 



A|2 



spins 
g 

= - \£(v • v')\ 2 Tr\A\A\iu'uuu' + B 2 u'^ x uu^ X iu + (A x Bu'uu / y X /u > + C.T) 
9 

+ CP-C p ' a 'e XSpr7 ey 5Va/ u' 1 s uu 1 s 'u' - (C^D^e^eyy^u'^uu^^'u' 



+C.T) + D°D° e^eyy^u'^YuuY 7 



(pIpZ + PsPa ~ (Pa • P4)g xx '), (41) 



where 



A x = (-hv' x -f 4 v x )(2 + vv') + (fW x + hvx)(l-(v-v') 2 )- 

(f 7 v' x + f 8 v x )(l + vv'), (42) 

B = (f 7 + f 8 )(l + vv'), (43) 

C = UvW-hov'Pv", (44) 

£> CT = fW + hoV. (45) 

It is noted that in Tr[^ x (l - 7 5 )Ma'(1 - 7s)] = 2Tr [^7^47^ - ^ 3 7aMa'7s] 
there is a term e aXa i X ip^p2 which is antisymmetric to an exchange of p^ and P4, so 
should make null contribution after integration over the final state phase space as 
long as we omit the masses of leptons. The "C.T" means the conjugate term, for 
example 

{u'TuuT'u'Y = u^qT^qu' u' ^/qT ^7oM, 
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and the other parts would be changed accordingly. Later the terms concerning the 
spinor- vector ip^ are also of their conjugate correspondence which can be obtained 
in a rule similar to the spinors. 

(2) -8(66)! — > #(6c)o + I + V 

r 2 = E m x \ 2 

spins 
g 

+ j B 2 m7a75MM7a'75m' + C pCT C pV e A5pCT e A / 5 / p / CT /wV75««7 5 V5w'] 
•(p A p A '+p A p A -(p3-p 4 )<? AA '), (46) 



where 



^4a = (fwv' x + f 17 v x )(l + vv') + f 15 v x , (47) 
5 = /i 5 , (48) 
<f° = fay'v*. (49) 

(3) B{bb)l ^B{ bc)i +l + D 

r 3 = E I t 3a/ a | 2 

spins 

= • u , )rrr[-A A iA AM ,* , *75««75*'*' + (A xs B x ^' 5 l5 uu 1S H^' 6 ' + C.T) 

+(A A(5 C (5 ^ /5 75^7A'75*" 5 ' + C.T) + B x B x ,* ,s w 5 uu'y sl 'y 5 *' s ' 
+C 5 C^' 5 7A7 5 mZ7 A ,7 5 * /5 ' + {B x C s ^' 5 lslb uu lxnb y' 5 ' + C.T) 
+ J D CT J D CT 'e A ^ ev5V , a ^ /5 7 P 75^7 P '75^ M ' 
+ (^ J D CT 'e A(5p(7 ev ( 5 V v^ ,5 75^7 p '75^" 5 ' + C.T) 

-E^E^\ x5pc e xl5lplc ^' 5 lb uu 1 ^' 5 '] • (p A p A ' + P3P4 - (Pa • P4)^ AA '), (50) 

where 

^A5 = hv' x vs + f4V X V S + (h v \ + hv x )v 5 (l + v -v') + f 8 v s v x , (51) 
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B x = M + /4«A, (52) 

C s = fsvs, (53) 

D a = fcv' a + fiov a , (54) 

E pu = Uv p v'°. (55) 

(4) B* {bb)i -> B ( * 6c)i + J + P 

r 4 = E I t 4a/ A|2 

spins 

8|£(u • t/)| 2 Tr[A A A A ,* ,<5 ^ 5 ,*' 5 ' + (AxB^xV'tys*"*'" + C.T) 
(A A Ci/*'**5f A /*'*' + C.T) + £^ A £, VA ,^^V' 1 ' 
+(£^ A C^W A ^ /5 ' + C.T) + C 5 CV* /<5 * A * A ^ /<5 ' 

■(PsPa +PsP4-(P3-P4)9 Xy ), (56) 



where 



^a = M + /4«A, (57) 

£^a = hv'yV^v'x + favlv^vx, (58) 

C 5 = M + (59) 

^ = W + hoV. (60) 



(5) -> B (6c)l + / + 



r 5 = E W 



A|2 



spins 

• t/)| 2 Tr[-A Aa A AW ^ 75 « a ' 75M ' - (A^Bu^^A'Tsu' + C.T) 
+ (Ax a C y u' l5 ^ a ' lall5 u' + C.T) - (Ax a D a ,u' l5 ^ a ' ly i 5 u' + C.T) 
-B 2 u'^x^xH5u' + {BCx'u'^x^'laHsu' + C.T) 
-{BD^u'^x^'lx'lsu' + C.T) + C x C x ,u' lal ^! a ^ loflb u' 
-(CxD^u'w^^'^u* + C.T) + DaD^u^xl^^'lx'lsu' 
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where 



-(G-F^'e^eyv^u'^^^'^u' + C.T) 

•(P3P4' +P3P4-(PfP*)9 XX '), (61) 

A Xa = hv' x v' a + fiV X v' a + f 5 (l + v ■ v')v' a v x 

+f 6 (l + vv , )v x v' a + f 7 v' x v' a , (62) 

B = f 8 (l + v-v'), (63) 

C = -M-/4VA, (64) 

Da = f 7 v' a , (65) 

F 5a = f w v' S v a , (66) 

G° = -K-/10/. (67) 

(6) 5 ( * 66)i - 5 (6c)0 + J + P 

spins 

= 8|f (u • v')\ 2 Tr[A 2 u'^ x ^yu' + (AB^'^V + C.T) 
+B sx B 5 , x ,u'¥¥'u' + C^ v e A5pCT e A , 5y ^V* V] 
^V'+Ps'^-fe-^)^'), (68) 

where 

A = /15, (69) 
5 5A = h&v' s v' x + fnv' s v x , (70) 
C*" = AsvV 7 . (71) 

(7) 5( bc)l - 5( CC)1 + / + v 

r 7 = E I^a/ a | 2 



spins 
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= 8\£(v ■ v')\ 2 Tr[A x A x ^' 5 ^ 5 ^8^' 5 ' + {A^^'^s^'^' + C.T) 
+(A x C s >*' 5 * s *x>*' s ' + C.T) + B V ^B V >^'^ V ^ V '^' 
+{B vtxX C 8 ,^ v ^> x ,V 5 ' + C.T) + C 5 C 5 ^' 5 y x y x ^' 5 ' 
+D^D^e x5pc e x , 5 , p/c ^' 6 ^' , '^ 5 ']{p x ^ + P3P4 ~ (Pa • P4)9 XX '), (72) 



A x = hv' x + f A v X) (73) 

B vtxX = f 5 vlv^v' x + fevlv^vx, (74) 

Cs = frv's + fsvs, (75) 

£ CT = fW + fiov*. (76) 



— > -B( cc ) 1 + I + v 

E I^a/ a | 2 



spins 



-\£(v ■ v')\ 2 Tri-A Xa A xw u'^ a ^ a ' l5 u' - (A Xa Bu'^ a ^ x ^ 5 u' + C.T) 
+(A Xa C y u' l5 ^ a ' lall5 u' + C.T) - (A Xa D a ,u' l5 y a V a ' lxn5 u' + C.T) 
-B 2 u'^ x ^y l5 u' + {BCxu'^x^Wsv! + C.T) 
-(SAA^a^Ta'Ts^ + C.T) + C x C x ,u' lal5 y a V a ' la , l5 u' 
-(C x D a ,u' lal5 ^ a ' lyl5 u' + C.T) + D a D a/ u' lxl5 ^ a ' lxn5 u' 

-{G^F^\ x5pa e x , 5lplc ,u' 1 s 1 ^' > ^ , lb u' + C.T) 
+G-G a 'e X s pa e xl5lplul u' 1 s 1 ^^' 1 s ' lb u'] 

■(P3P4 +p x 'pl-(P3-P4)9 xx '), (77) 



A A a = hv' x v' a + f4V X v' a + Ml+V.v')v' a v'> 

+ f 6 (l + vv')v x v' a + f 7 v' x v' a , 
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(78) 



B = f 8 (l + vv'), (79) 

C = -M-/40A, (80) 

D a = f 7 v' a , (81) 

F 5a = f w v' 5 v°, (82) 

G° = ~hv'°-f w v°. (83) 



(9) B (bc)l -> + / + z/ 



r 9 = ]T I^9a/ 



Ai2 



spins 

^(v ■ v')\ 2 Tr[-A xs A x , 5 ,y' s l5 uu^' s ' + (A X sB x ^' s l5 uu l5 n^' 5 ' + C.T) 
+{A x5 C 5 ^' 5 lb uu lxll ^' 5 ' + C.T) + B x B x ^ ,5 lslb uu l5 , lb V 5 ' 
+C s C 5 ^' s i x i 5 uu lx ^' 5 ' + (B x C 5 ^' 5 l5lb uu lxll ?$> t5 ' + C.T) 
+D°D°'6 X s pa 6 X , s , p/a ^' 5 YwuY'^' S ' 
^E^D-'e XSpa e x/S ' p 'a^' 5 l 5 uuY'l^' S ' + C.T) 
-EP-E^'e X s pa e x/s/p ^' s l5 uu l5 ^ s '} 

■{P3P4 +P3P X 4-(P3-P4)g XX '), (84) 



where 



A X5 


= fW X V& + fiV X V S + (f 5 v x + f 6 v x )v s (l + v-v') + f s v 5 v x , 


(85) 


B x 


= +f3V X + f4Vx, 


(86) 


C s 


= fsvs, 


(87) 


D a 


= fW + fiov", 


(88) 


E pa 


= hv p v'°. 


(89) 



(10) B (bc)l -> B (cc)l + 1 + 9 



spins 
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-|£(t> • v')\ 2 Tr\A\A\iu'uuv! + B 2 u'^\uwy\iu' + (AxBu'uwjyu' + C.T) 
9 

+C.T) + D^D^'e^ey^^^YuuY'^'u'} 

■(P3P4 +P3P4-(P3-P4)g XX '), (90) 



where 



Ax = (-f3v'x-Uvx)(2 + v-v') + (f 5 v'x + f 6 vx)(l-(v-v') 2 ) 

-(f7v' x + fsvx)(l + v-v'), (91) 

B = (/ 7 + / 8 )(l + W), (92) 

= hv p v>° - f 10 v ,p v° , (93) 

= fW' + fioV. (94) 



(11) fl (fc)o -> w +J + 



r n = £ IW A | 2 

spins 

= 8|f (u • v')\ 2 Tr[{A 2 ^' x uu^' y + (A^y^m^' 5 ' + C.T) 

•(P3P4' + P3P4 ~ (P3 • P 4 )^ AA '), (95) 



where 



^4 = /n, (96) 

= fl2V5v' x + fl3V5Vx, (97) 

C"* 7 = /i^". (98) 



(12) B( bc ) — >■ -B( cc )i + ^ + ^ 



Tl2 — £ I^12A^ 



A|2 



spins 
g 

o ' ^Or^M-^A^A'M^mrysw' + (A x Bu'^ 5 uu'yx'l5U l + C'.T) 
o 

25 



■(P3P4+P3P4 -(Ps-P4)g xx '), (99) 

A x = /n^ + /i 2 (l + WK + / 13 (1 + WK (100) 

B = -/n, (101) 

C" CT = f 14 v' p v a . (102) 
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